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Abstract
We propose a strategy to prepare luminescence materials via
simple and organic solvent-free fashion by mixing an anionic
luminescent complex with an anion exchanging support. As
a proof-of-concept, we employed the heptaanionic TbIII com-
plex Tb3TCAS2 (TCAS = thiacalix[4]arene-p-tetrasulfonate)
and QAE Sephadex A-25, a dextran support bearing anion
exchanging groups. By stirring a mixture of TCAS and dextran
(1.0¯mol Tb3TCAS2/50mg dextran), 99.8% of Tb3TCAS2
was successfully immobilized within 2 h. The electrostatic
interactions were strong enough to irreversibly bind Tb3TCAS2
to the dextran. The material exhibited TbIII-centered lumines-
cence upon excitation of the TCAS center. The luminescent
lifetime and quantum yield were 1.18ms and 45.5%, respec-
tively. When the amount of Tb3TCAS2 immobilized on the
dextran was reduced to 1.0 nmol/50mg dextran, the lifetime
increased to 1.32ms, suggesting concentration quenching
above 1.0¯mol Tb3TCAS2/50mg dextran. On the other hand,
the luminescence quantum yield decreased to 3.1%, suggesting
that the absorption of excited light by the support was not
negligible. Preparation of the materials in D2O resulted in
increases in the lifetime and quantum yields to 1.32ms and
44%, respectively.
Keywords: Thiacalixarene j Terbium j Luminescent materials
1. Introduction
Lanthanide(III) (LnIII) has been widely used as a luminescent
center in inorganic phosphors owing to its sharp emission
bands arising from the f-f transition, which, however, is forbid-
den and requires sensitizers to facilitate excitation.1 Seeking
materials to enable more efficient excitation, LnIII complexes
have been designed bearing antenna groups to absorb photons
more efficiently (¾ ³ 104M¹1cm¹1) and transfer their energy to
the LnIII center via the T1 state. Such LnIII complexes are now
in practical use in luminescent materials, bio-imaging probes,
luminescent inks, etc.2­8 In particular, luminescent materials
have been prepared by doping a non-charged LnIII complex into
a polymer matrix like poly(methyl methacrylate) in organic
solvent.9­13 In contrast, charged LnIII complexes can be isolated
as salts with counter ions, but the doping is particularly diffi-
cult. Recently, we found that thiacalix[4]arene-p-tetrasulfonate
(TCAS, Figure 1) can assemble tri-LnIII cores to form a 3:2
complex (Ln3TCAS2) in aqueous solutions.14,15 For Ln = Nd,
Tb, and Yb, Ln3TCAS2 exhibited sensitized luminescence aris-
ing from the antenna effect of the TCAS ligand.16 Since TCAS
is highly anionic due to the four sulfonate groups, it can be
irreversibly immobilized by electrostatic interactions onto an
anion exchanging material such as QAE Sephadex A-25.17
These observations suggested that heptaanionic Ln3TCAS2
could also be immobilized onto an ion-exchanger to give
luminescent materials. Herein, we report our attempt to prepare
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luminescent materials in this manner and study the photo-
physical properties of the thus-prepared materials, demonstrat-
ing a new concept for the preparation of luminescent materials
by a simple and organic solvent-free procedure.
2. Experimental
Materials. Sodium salt of thiacalix[4]arene-p-tetrasulfonate
(TCAS) was prepared according to a procedure reported
elsewhere.18 A stock solution of 1.00 © 10¹2M TCAS was
prepared by dissolving the sodium salt in deionized water and
standardized by molar ratio method with a standard NiII solu-
tion. Stock solutions of TbIII were prepared by dissolving nitrate
salt into 0.01M HNO3 and standardized by accepted chela-
tometry. Deionized water prepared with an Elix Advantage 5
from Merck-Millipore was used throughout this study. Deute-
rium oxide (99.8%D) was obtained from Kanto Chemical Co.,
Inc. (Tokyo). Deuterated ammonia solution (99%D, 25% soln.
in D2O) was purchased from Cambridge Isotope Laboratories,
Inc. As a solid support, QAE Sephadex A-25 (spherical shape,
diameter = 40­120¯m in dry form, ionic capacity = 2.6­3.4
mmol/g19) was obtained from GE Healthcare Bio-Science AB
(Uppsala, Sweden) and used after pre-conditioning (vide infra).
Other chemicals used were of special reagent grade.
Equipment. For mechanical stirring, a model SH-1DN
magnetic stirrer from As-one (Tokyo) was used. ATaitec model
SR-2D5 reciproshaker was used to shake the tubes. For optical
microscopy, an Olympus model BX51 with a 30© eyepiece
and a 10© objective lens was used. The concentration of TbIII
in aqueous samples was determined by inductively coupled-
plasma atomic emission spectroscopy (ICP-AES) using a
Thermo Fisher Scientific model iCAP 6500. Luminescence
spectra and lifetimes were measured using a fluorescence spec-
trophotometer model F-7000 from Hitachi High-Technologies
equipped with a long-pass filter (370 nm) and a solid sample
holder. The slit widths for excitation and emission were both
set as 5 nm unless otherwise noted. Absolute luminescence
quantum yields were determined using a photoluminescence
spectrometer model C9920-02 with an integrating sphere from
Hamamatsu Photonics.
Preparation of a Tb3TCAS2 Solution. A Tb3TCAS2
solution was prepared by the same procedure as that reported
previously in the literature15 but with slight modifications.
Briefly, 3.00mL of 1.00 © 10¹2M TbIII(NO3)3, 2.00mL of
1.00 © 10¹2M TCAS, and 0.20mL of 5M NH3 solutions were
transferred by pipets to a 10-mL volumetric flask, and water
was added to bring the total solution volume to 10.0mL. The
flask was shaken well and transferred to a glass vial, which was
placed in an oven set at 60 °C for 24 h to yield a 1.0mM
solution of Tb3TCAS2.
Pre-Conditioning of QAE Sephadex A-25. About 10 g of
QAE Sephadex A-25 was suspended in 30mL of 0.1M HCl
solution in a centrifugal tube, which was shaken for 10min.
The suspension was filtered on a G4 glass filter to remove the
aqueous phase, and the filter cake of QAE Sephadex A-25 was
further washed with water. The procedure for HCl washing and
filtration was repeated three times. Finally, the cake was shaken
with 30mL of water for 10min, filtered, washed with water,
and dried in vacuo for 1 day (For optical micrograph, see
Figure S1).
Immobilization of Tb3TCAS2 onto QAE Sephadex A-25.
Mechanical Stirring: In a 50-mL conical beaker, a mixture of
50mg (dry form) of the pre-conditioned QAE Sephadex A-25,
9.0mL of 0.20M NH4Cl, and 1.0mL of a 1.0mM Tb3TCAS2
solution was stirred with a magnetic stir bar at a rate of 600
rpm for 2 h. Afterwards, the ion exchanger was filtered using
a glass G4 filter and thoroughly washed with water over the
filter. The filter cake was dried in a vacuum desiccator for 1 day
to obtain the luminescent material. To estimate the concentra-
tion of un-immobilized Tb3TCAS2 remaining in the aqueous
phase ([Tb3TCAS2]final), the filtrate was diluted 100 times with
0.10M HNO3 and subjected to ICP-AES to determine the
concentration of TbIII. The adsorption ratio of Tb3TCAS2 onto
dextran (Ad%) was estimated by eq 1,
Ad% ¼ ð½Tb3TCAS2init:  ½Tb3TCAS2finalÞ
=½Tb3TCAS2init:  100% ð1Þ
where [Tb3TCAS2]init. (= 1.00 © 10¹4M) is the initial concen-
tration of Tb3TCAS2 solution mixed with the dextran ion-
exchanger.
Shaking: A 15-mL centrifugal tube containing a mixture of
50mg (dry form) of pre-conditioned QAE Sephadex A-25 and
9.0mL of 0.20M NH4Cl was shaken at a rate of 200 strokes/
min for 2 days. After filtration of the solid materials and wash-
ing with 0.20M NH4Cl, it was mixed with 9.0mL of 0.20M
NH4Cl, and 1.0mL of 1.0mM Tb3TCAS2 solution in a 15-mL
centrifugal tube, which was shaken at a rate of 200 strokes/min
for 2 days. The solid material was then filtered and washed
thoroughly with water and dried in vacuo for 1 day to obtain
the luminescent material. The adsorption ratio, Ad%, was esti-
mated as described above.
3. Results and Discussion
Immobilization of Tb3TCAS2 onto QAE Sephadex A-25.
QAE Sephadex A-25, which is a cross-linked dextran hav-
ing OH groups partially modified with an ion-exchanging
group (Et2(CH3(HO)CHCH2)NCH2CH2­), was used as the
solid support. Hereafter, we refer to the Sephadex material as
dextran. Luminescence materials were prepared by mixing the
Tb3TCAS2 solution and the dextran to immobilize Tb3TCAS2
by electrostatic interactions. The mixing was carried out in
two ways: mechanical stirring and shaking. When the mixture
was mechanically stirred for 2 h, the Ad% value was 99.8%
for 1.0¯mol Tb3TCAS2 immobilized on 50mg of the dextran,
suggesting that it has enough exchanging capacity to retain













































Figure 1. Structures of TCAS and Tb3TCAS2.
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in the product specification was 2.6­3.4mmol/g,19 suggesting
that in theory 18.5¯mol of heptaanionic Tb3TCAS2 can be
retained on 50mg of the dextran. Leakage of Tb3TCAS2 dur-
ing washing after immobilization was not observed, suggest-
ing that the electrostatic interactions between Tb3TCAS2 and
the dextran were very strong and sufficient for irreversible
adsorption, as in the case of TCAS-immobilized dextran.17
Optical microscope images of the Tb3TCAS2-immobilized dex-
tran taken before drying showed random shapes smaller than
50¯m (Figure 2a), indicating that the ion exchanger originally
had a spherical shape (Figure S1) that was crushed during
stirring. Upon irradiation with UV light at 365 nm, the dextran
emitted green light, attributed to the TbIII-centered lumines-
cence of the immobilized Tb3TCAS2 (Figure 2b). After drying,
the particles formed aggregates (Figure S2).
Alternatively, a mixture of Tb3TCAS2 solution and QAE
Sephadex A-25 was shaken to prepare the luminescence
material. Surprisingly, even though the conditions (1.0¯mol
Tb3TCAS2, 50mg of QAE Sephadex A-25, and mixing time
2 h) were the same as in the case of mechanical stirring, only
44.5% of Tb3TCAS2 was immobilized onto the dextran. Since
the ion exchanging capacity was enough to completely adsorb
the same amount of Tb3TCAS2, as shown in the case of
mechanical stirring, the poor adsorption may suggest slow
adsorption kinetics. In fact, monitoring the time course of the
adsorption ratio for up to 4 days showed that adsorption
reached equilibrium after 2 days (Figure 3a). The slow adsorp-
tion may be attributed to the difference in the specific surface
area of the ion exchanger. In the case of mechanical stirring,
the exchanger was crushed to give smaller particles, thus
increasing the surface area and allowing Tb3TCAS2 to have
more chances to interact with the cationic sites of the anion
exchanger. In the shaking method, the percent adsorption Ad%
of Tb3TCAS2 onto dextran was 97.9% of 1.0¯mol, which was
slightly smaller than the case of mechanical stirring.
During the course of accelerating the adsorption by using the
shaking method, we found that the concentration of NH4Cl
buffer greatly affected the rate. When the buffer concentration
was 0.010M, the adsorption was much slower, only attaining
equilibrium after 22 days (Figure 3b). The reason why the
adsorption took such a long time in the dilute buffer may be the
thickness of the electric double layer (EDL) formed by anionic
species (Cl¹ and OH¹) at the surface of the dextran. At lower
concentrations, the ionic strength was low enough to make
the thickness of the EDL larger, thus hindering the access of
Tb3TCAS2, which has a charge of ¹7, to the surface. By con-
trast, in the 0.20M NH4Cl buffer, the EDL was thinner than in
the 0.010M buffer, which allowed Tb3TCAS2 better access the
surface. The Ad% value at 29 days was 97.9% for 1.0¯mol
Tb3TCAS2/50mg dextran, which is about the same as in the
case of 0.20M NH4Cl buffer. Even so, using the lower con-
centration of buffer should be avoided for the sake of time.
An optical micrograph of the Tb3TCAS2-immobilized dex-
tran obtained by shaking in 0.20M NH4Cl buffer for 2 days
shows that the dextran retained its spherical shape without
crushing (Figure 4a). After drying, the diameter decreased by
about half (Figure 4b), which suggests that the exchanger had
swollen in the aqueous solutions. Under irradiation with UV
light, the dextran luminesced green light from the TbIII centers
to indicate the immobilization of Tb3TCAS2 (Figure 4c).
Photophysical Properties. Excitation and emission spec-
tra for the Tb3TCAS2-immobilized dextran prepared by stir-
ring and shaking were measured along with the spectra of
Tb3TCAS2 in aqueous solution (Figure 5). Roughly, the solid
materials exhibited broad excitation in the UV region attrib-
utable to the π ¼ π* transition at the TCAS center and sharp
emission bands assignable to the 5D4 ¼ 7FJ (J = 6­3) transi-
tions at the TbIII center, suggesting that the green luminescence
of the materials was a typical energy-transfer luminescence, as
is commonly seen in Tb3TCAS2 in aqueous solutions. Closer
examination of the spectra, however, clarified some differences.
Figure 2. Optical micrographs of Tb3TCAS2-immobilized
QAE Sephadex A-25 obtained with mechanical stirring
(a) without and (b) with excitation by irradiation with UV
light at 365 nm.
Figure 3. Time dependence of adsorption of Tb3TCAS2
onto dextran by shaking. Aqueous phase: 10mL of 1.00 ©
10¹4M Tb3TCAS2 and (a) 0.20 or (b) 0.010M NH4Cl.
Solid phase: 50mg (dry) QAE Sephadex A-25.
Figure 4. Optical micrographs of Tb3TCAS2-immobilized
QAE Sephadex A-25 obtained with shaking. (a) Before
drying and (b, c) after drying. (c) Under irradiation of UV
light at 365 nm.
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First, the excitation spectra of the solid materials showed a
significantly broadened and red-shifted peak as compared to the
spectra of Tb3TCAS2 in aqueous solutions. By studying the
effect of the immobilized amount of Tb3TCAS2 (vide infra),
this was attributed to the interactions between TCAS ligands
of individual Tb3TCAS2 molecules residing in close proximity
fixed by the ion-exchanging group (Et2(CH3(HO)CHCH2)-
NCH2CH2­). In addition, the material prepared by shaking
showed slightly a red-shifted peak as compared to the material
prepared by mechanical stirring, implying that the interactions
between Tb3TCAS2 molecules were affected by the micro-
environment of the ion-exchange group at the surface or inside
the QAE Sephadex A-25 materials. Second, the emission
spectra for Tb3TCAS2-immobilized dextran exhibited peaks for
5D4 ¼ 7FJ (J = 3, 4, and 6) smaller than those in aqueous
Tb3TCAS2. In general, the intensities of the TbIII emission by
transitions to J = 2, 4, and 6 are affected by the coordina-
tion environment of TbIII.20 Considering the high stability of
Ln3TCAS2 complexes21 and the absence of leakage of free TbIII
upon immobilization, as assessed by ICP-AES, the dissociation
of Tb3TCAS2 to free TbIII and two molecules of a luminescent
1:1 complex (Tb1TCAS1) should be ruled out. Therefore, the
coordination geometry of TbIII in the Tb3TCAS2 may have
been distorted upon binding to the ion-exchanging group of
dextran.
Luminescent lifetime (¸) and quantum yield (Φ) were deter-
mined for the luminescent materials obtained with the stirring
and shaking methods (Table 1). In each case, the luminescence
decay curve showed first order decay with one component
(Figure S3) to indicate a single luminescence species on the
dextran. The ¸ values were almost the same for the two mate-
rials, suggesting that the coordination environments of the TbIII
centers are very similar in both cases, resulting in the same
decay rates (1/¸ = knr + kr, where knr and kr are non-radiative
and radiative transition rates, respectively) of the excited TbIII.
Luminescent quantum yields (Φ) were determined with an
absolute method and found to show almost identical values.
Therefore, the efficiency of the overall process of transferring
the energy absorbed by TCAS to TbIII followed by radiative
decay at the TbIII center was the same for the two materials. By
comparison with the materials prepared in D2O (vide infra), the
number (q) of coordinating water molecules per TbIII center
could be estimated using Horrock’s equation (eq 2),
q ¼ ATbð¸H2O1  ¸D2O1Þ ð2Þ
where ATb is a constant (= 4.19) for ¸ in milliseconds,22 and
¸D2O is a luminescent lifetime of the materials prepared in D2O.
As can be seen, the values of q were almost identical for the
materials fabricated by stirring and shaking methods, verifying
that the luminescence lifetime was the same. For comparison,
Table 1 also lists the photophysical properties of Tb3TCAS2
in aqueous solution. As can be seen, the number of coordinat-
ing water molecules of Tb3TCAS2 in aqueous solution was
larger than those on the ion-exchanger, suggesting that water
molecules were partially replaced by OH groups of the ion-
exchanging group (CH3(HO)CHCH2­ moiety) or of the dextran
skeleton, resulting in longer lifetimes. In terms of the lumines-
cence quantum yield, Tb3TCAS2 on the ion-exchanger seem-
ingly provided Φ values larger than that in aqueous solution.
Because the measurement methods were different among them,
no further discussion is attempted here.
Effect of Tb3TCAS2 Contents on the Luminescence. To
assess the effect of concentration of Tb3TCAS2 in the dextran
on the luminescence properties, the amount to be immobilized
onto the QAE Sephadex A-25 was varied during preparation by
mechanical stirring and shaking. As a result, materials contain-
ing 1.0 nmol­10.0¯mol of Tb3TCAS2 per 50mg of dextran
(with Ad% > 99.0% each) were successfully obtained with stir-
ring. Because shaking gave materials with incomplete immo-
bilization (e.g. Ad% = ca. 80% for 2¯mol of Tb3TCAS2 by
shaking for 28 days), only the materials provided by stirring
were assessed.
Excitation and emission spectra for the luminescent materials
were measured and normalized by the intensity of the most
intense band (Figures 6 and S4). For the excitation spectra, dex-
tran with the lowest Tb3TCAS2 content (1.0 nmol Tb3TCAS2/
50mg dextran) showed a spectrum very similar to that of
Tb3TCAS2 in an aqueous solution (Figure 6). As the Tb3TCAS2
content was gradually increased up to 100 nmol/50mg, the
peaks significantly broadened. Furthermore, above 1.0¯mol/
Figure 5. Excitation and emission spectra for the
Tb3TCAS2-immobilized QAE Sephadex A-25 prepared by
stirring (red) and shaking (green), as well as spectra for an
aqueous solution of Tb3TCAS2 (blue). The intensities were
normalized using the peak at 549 nm. Solid sample: 1.0
¯mol Tb3TCAS2/50mg dextran. Aqueous solution sam-
ple: [TCAS] = 2.00 © 10¹6M, [TbIII] = 3.00 © 10¹6M,
pH 10.0. ­ex = 317 nm, ­em = 549 nm.
Table 1. Luminescent lifetime (¸)a and quantum yield (Φ)b
of the luminescent materials and number of coordinating
water molecules per TbIII center (q).
¸H2O/ms ¸D2O/ms Φ q
Stirringc 1.18 1.32 45.5% 2.2
Shakingc 1.17 1.25 44.7% 2.3
Aq. Soln.d 1.12 3.22 14%e 2.4
a) Measured with a pulse system (see experimental) with ­ex =
317 nm, ­em = 549 nm. For the raw data of luminescence
decay curves, see Figure S3. b) Overall quantum efficiency
determined by absolute method. c) 1.0¯mol Tb3TCAS2/50mg
dextran. d) [Tb3TCAS2] = 5.00 © 10¹7M, pH 10.0. e) Esti-
mated by comparison with the standard, quinine.18 ­ex =
317 nm.
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50mg, the spectra all showed essentially the same patterns with
a broad band shifted ca. 50 nm from the original band at 325
nm. These suggest that at low concentrations of Tb3TCAS2, the
complex was immobilized on the dextran, maintaining a certain
distance between Tb3TCAS2 molecules. However, at concen-
trations higher than 1.0¯mol/50mg, all Tb3TCAS2 molecules
interact with each other, which might lead to ligand-to-ligand
charge transfer to result in a broadened TCAS absorption band.
For emission spectra normalized by the intensity of the
5D4 ¼ 7F5 transition at 549 nm, only slight differences in the
peak intensities of other transition bands 5D4 ¼ 7FJ (J = 3, 4,
and 6) were observed (Figure S4). This may suggest that
Tb3TCAS2 was so rigid that the coordination geometry of the
luminescent center, TbIII, was scarcely affected by the inter-
action of Tb3TCAS2 with the ion-exchange group or other
Tb3TCAS2 molecules nearby.
Figure 7 and Table S1 summarize the values of lumines-
cence lifetime (¸H2O) and quantum yield (Φ) for the materials.
As can be seen, as the content of Tb3TCAS2 complex on dex-
tran was increased from 1.0 nmol to 1.0¯mol (per 50mg of
dextran), the ¸H2O value decreased. Further increases in the
content of Tb3TCAS2 showed no definitive trend but did show
some fluctuations. As discussed above, Tb3TCAS2 molecules
on the ion-exchanger reside near each other at concentra-
tions above 1.0¯mol/50mg. Therefore, energy obtained by the
absorption of photons at the TCAS center may have migrated to
the TCAS of other Tb3TCAS2 molecules to result in a decrease
in the ¸H2O value. On the other hand, Φ values showed an
increase when the concentration of Tb3TCAS2 complex on
dextran was increased up to 1.0¯mol Tb3TCAS2/50mg dex-
tran, which was contrary to the prediction from the ¸H2O value.
For the case of 1.0 nmol Tb3TCAS2/50mg dextran, the obser-
vation of the luminescence was very difficult because of the
scarcity of the complex (see the caption of Figure S4). On the
other hand, absorption of the excited light by dextran by itself
was not negligible at this concentration range, resulting in the
decrease in the Φ values. Above 1.0¯mol Tb3TCAS2/50mg
dextran, the Φ values became steady at around 43%, suggesting
the absorption of dextran can be ignored as compared to the
absorption of Tb3TCAS2. Materials having both large ¸H2O and
Φ values can be obtained by using an ideal solid support which
has complete optical transparency.
Preparation of the Materials in D2O. In design of lantha-
nide complexes having improved luminescence properties, a
common technique involves replacing hydrogen atoms in OH,
NH, and CH groups in a ligand with deuterium to prevent
quenching of the excited lanthanide energy via coupling with
high order oscillations of O­H, N­H, and C­H stretching.
For this purpose, deuterated ligands have been successfully
employed to increase the intensity of the luminescence.23 In
Tb3TCAS2, the TbIII center possesses 2­3 water molecules (see
Table 1) which should efficiently quench the excited state of
TbIII. In fact, the luminescent lifetime of Tb3TCAS2 in D2O
was nearly three times as long as that in H2O due to the reduc-
tion of nonradiative deactivation through quenching (Table 1).
To improve the luminescence properties of the Tb3TCAS2-
dextran material, the formation of Tb3TCAS2 with coordinated
D2O and its immobilization onto dextran were implemented in
D2O solutions. When mechanical stirring was employed for a
mixture of 1.0¯mol Tb3TCAS2 and 50mg QAE Sephadex A-
25, the adsorption ratio to the dextran was sufficiently high
(Ad% = 99.9% after 6 h of stirring). On the other hand, shaking
provided a material with incomplete adsorption of Tb3TCAS2
(Ad% = ca. 90% of 1¯mol after 21 days). Hence, only the
results for stirring will be described. The excitation spectrum
of the deuterated material showed a very similar shape to that
obtained in H2O (Figure S5). The emission spectra exhibited
bands with slightly increased peak heights for 5D4¼7FJ transi-
tions (J = 3, 4, and 6), suggesting that the coordination envi-
ronment was slightly changed upon the replacement of H2O
with D2O.
The luminescence lifetime ¸D2O was estimated from the
decay curve to be 1.32ms (Figure S3), which was larger than
that of the material (1.18ms) prepared in a H2O medium
(Table 1), which indicates that the replacement of H2O with
D2O was effective to some extent. However, the increase was
not as large as expected from the case in an aqueous solution.
This suggests that the excited energy of a TbIII center may be
quenched by other high-frequency oscillations, such as the C­
H vibrations of the ion-exchange group and dextran backbone.
The luminescence quantum yield (Φ) was estimated to be
53.8%, which was larger than that (45.5%) of the material
prepared in H2O. For the energy transfer luminescence, overall
quantum efficiency Φ is a product of efficiencies in intersystem
crossing from S1 to T1 states in a ligand (ΦT), energy transfer
Figure 6. Excitation spectra of Tb3TCAS2-immobilized
QAE Sephadex A-25 prepared by stirring. The intensity
was normalized by the peak intensity. Content of
Tb3TCAS2: 1.0, 10, 100 nmol, 2.0, 3.0, 5.0, 7.5, and 10.0
¯mol per 50mg of dextran. ­em = 549 nm.
Figure 7. The effect of the amount of Tb3TCAS2 immo-
bilized onto 50mg of QAE Sephadex A-25 on lifetime
(¸, circle) and quantum yield (Φ, gray bars).
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from the T1 state to a Ln atom (ΦET), and luminescence quan-
tum yield of the Ln center (ΦLn) (eq (3)).
 ¼ T¢ET¢Ln ð3Þ
Here, ΦLn is expressed by eq (4).
Ln ¼ kr=ðknr þ krÞ ¼ kr¸ ð4Þ
The absolute values of ΦLn cannot be estimated as long as
the ΦT and ΦET values are not available. Assuming that the
efficiencies ΦT and ΦET are not affected by the replacement of
H2O with D2O, we could estimate the ratio of radiative deacti-
vation rates in D2O versus H2O by eq (5), which was derived
from eqs (3) and (4),
kr;D2O=kr;H2O ¼ ðD2O=H2OÞ=ð¸D2O=¸H2OÞ ð5Þ
Therefore, kr,D2O/kr,H2O = 1.05, suggesting that radiative
deactivation was not affected by the replacement of H2O with
D2O. Thus, the increase in ΦLn can be attributed to the decrease
in the knr value in D2O. Therefore, the increase in the overall
efficiency Φ can be attributed to the prevention of non-radiative
deactivation by the O­H stretching vibration. Thus, the replace-
ment of the coordinating water molecules of Tb3TCAS2 with
deuterated ones was quite successful for obtaining materials
with improved photophysical properties. In addition, because
of the coordination of a part of the OH groups in the ion-
exchanging group of the dextran, adjacent CH2 groups may
have contributed to the quenching of excited TbIII centers via
C­H vibrations. Hence, the replacement of CH2 hydrogen
atoms on the ion-exchange group by deuterium may further
enhance the luminescence efficiency.
4. Conclusion
In this paper, we demonstrated that simple stirring of a mix-
ture of the anionic complex Tb3TCAS2 and anion-exchanging
dextran in aqueous solution could produce materials exhibit-
ing TbIII-centered luminescence sensitized with the TCAS
ligand. The electrostatic interaction of Tb3TCAS2 with the
dextran was found to be so strong that the adsorption seemed
to be complete with Ad% > 99%, and no leakage of Tb3TCAS2
was observed. The amount immobilized onto the dextran could
be varied in a wide range from 1.0 nmol to 10¯mol per 50mg
of dextran. Materials with low concentrations of Tb3TCAS2 on
dextran showed longer luminescent lifetimes as compared to
those above 1.0¯mol/50mg, suggesting concentration quench-
ing by the interaction of the TCAS moiety with adjacent
Tb3TCAS2 molecules, as suggested by the excitation spectra.
The luminescence quantum yield was almost constant at 43%
above 1.0¯mol/50mg. On the other hand, the decrease in the
quantum yield at lower Tb3TCAS2 content suggested that the
absorption of excitation light by the solid support was not
negligible. The replacement of H2O coordinated to the TbIII
center with D2O improved the luminescence properties to an
extent that was smaller than the case in aqueous solutions,
suggesting that C­H stretching of the ion-exchanging group
and the dextran skeleton should have a quenching effect on the
excited TbIII. In conclusion, the electrostatic immobilization of
an anionic complex onto an anion-exchanging support can be
a new strategy for the preparation of luminescent materials,
which is facile to implement and organic solvent-free. In addi-
tion to the prerequisites of the solid support, such as a high
anion-exchanging capacity and optical transparency, it is highly
desirable that the CH hydrogen should be replaced by deute-
rium for further enhancement of the luminescence.
The authors thank Prof. Yoshitaka Takagai, Fukushima
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cence quantum yield with the equipment in his institute.
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